Translation termination in eukaryotes requires two release factors, eukaryotic release factor 1 (eRF1) and eRF3, to complete protein synthesis. eRF1 recognizes all three stop codons by direct interaction at the decoding A site and triggers the hydrolysis of the peptidyl-tRNA bond by activation of the peptidyl transferase center (7, 12) . eRF3 is a GTPase which associates with eRF1 in its GTP-bound form and stimulates eRF1 release activity in a GTP-dependent manner (13, 26, 47) . In connection with its role in translation termination, eRF3 has also been implicated in ribosome recycling and mRNA decay through its interaction with the poly(A)-binding protein PABP (9, 19) and in the nonsense-mediated mRNA decay pathway (31) . The SUP35 gene, encoding eRF3, is essential in the yeast Saccharomyces cerevisiae, and eRF3 depletion promotes translational readthrough of stop codons in yeast and mammals (6, 24, 40) . The C-terminal regions of eRF3 proteins are highly conserved through evolution and carry the four canonical GTP-binding motifs of the GTPase superfamily. This domain is essential for translation termination and interaction with eRF1. The N-terminal region varies in both length and sequence among species. In yeast, it is neither essential for cell viability nor required for termination but is responsible for prion-like [PSI ϩ ] factor formation (33, 34) . However, eRF3 was first identified in a screen for mutants affected in the G 1 -to-S-phase transition in S. cerevisiae (25) . Afterwards, other findings related eRF3 to cell cycle regulation and other cellular processes, such as cytoskeleton organization and tumorigenesis. In S. cerevisiae, mutations in the SUP35 gene increase sensitivity to the microtubule-poisoning drug benomyl and affect chromosome segregation at anaphase (3, 44) . In addition, SUP35 repression results in the accumulation of cells with increased sizes and large buds, in the disappearance of actin cytoskeleton structures, and in the impairment of the mitotic spindle structure (46) . Furthermore, depletion of eRF3 from Drosophila melanogaster disrupts spindle assembly, chromosome segregation, and cytokinesis during male meiosis (2) . Taken together, these data suggest that eRF3 may have nontranslational functions. However, to date, whether these phenotypes, resulting from eRF3 depletion or mutation, are an indirect consequence of translation disruption or reflect the direct involvement of eRF3 in cytoskeletal functioning and cell cycle progression remains unknown.
In mammals, two distinct genes encoding eRF3, eRF3a/ GSPT1 and eRF3b/GSPT2, have been identified (20, 21, 23) . The products of these genes, eRF3a and eRF3b, share 87% sequence identity and differ only in their N-terminal domains. At the mRNA and protein levels, eRF3a is expressed in all tissues tested, with an abundance correlated with expression of eRF1, whereas eRF3b is poorly expressed in most tissues tested except in brain (6, 20) . Both eRF3a and eRF3b can bind eRF1 and have GTPase activities which stimulate eRF1 release activity in vitro (20, 23, 47) . In vivo, eRF3a depletion induces an important increase in readthrough whereas eRF3b silencing has no significant effect. In addition, eRF3a depletion reduces the intracellular level of eRF1 protein by affecting its stability. These results suggest that eRF3a is the major factor acting in translation termination in mammals and that its expression level controls the formation of the termination complex by modulating eRF1 protein stability (6) . In addition, it has been shown that eRF3a is expressed in a proliferationdependent manner (20, 21) . Whereas eRF3a mRNA is poorly expressed in fibroblastic cells in their quiescent state, its expression level increases largely after stimulation of cell entry in G 1 phase by addition of serum or phorbol ester. This increase is followed by a gradual decrease, from the onset of DNA replication in S phase up to 24 h after the beginning of the stimulation. In contrast, eRF3b mRNA does not fluctuate over the same period, showing that, at the mRNA level, eRF3a and eRF3b expression levels differ during cell cycle progression (20) . Variations of eRF3a expression were also reported to occur in gastric tumors (29) and during chondrocyte differentiation (43) .
Despite the accumulation of numerous observations, the mechanisms connecting eRF3 to cytoskeleton organization, cell cycle progression, and tumorigenesis are far from being understood. In the present work, we investigate the role of eRF3a in cell cycle progression. For this purpose, we silence the expression of the eRF3a gene in human HCT116 cells, using short interfering RNAs (siRNAs). We show that eRF3a depletion induces a G 1 arrest which is not due to the elevated level of readthrough in eRF3a-depleted cells. We further show that eRF3a binding to GTP is required to restore G 1 -to-Sphase progression. Moreover, eRF3a depletion leads to a decrease in the global rate of translation and to the loss of polyribosomes. The influence of translation on cell cycle progression is well documented for the initiation step of translation. Indeed, it has been reported that the activation of capdependent translation through eukaryotic initiation factor 4F (eIF4F) complex assembly and eIF4E phosphorylation plays an important role in G 1 -to-S-phase transition (38) . A large number of reports have identified the protein kinase TOR (target of rapamycin) as a major effector of cell growth via the regulation of protein synthesis (reviewed in references 8 and 17). Mammalian TOR (mTOR) controls protein synthesis through the phosphorylation and inactivation of initiation factor 4E-binding protein 1 (4E-BP1) and through the phosphorylation and activation of ribosomal protein S6 kinase 1 (S6K1). Here, we show that these two direct targets of mTOR are hypophosphorylated in eRF3a-depleted cells. These results suggest that eRF3a depletion inhibits mTOR activity. Thus, apart from its function in the translation termination process, eRF3a could belong to the regulatory pathway of mTOR activity.
MATERIALS AND METHODS
Plasmids. Plasmids expressing siRNAs si-3a1 (targeting eRF3a mRNA) and si-1Y (targeting eRF1 mRNA); plasmids pBK-heRF3a and pBK-heRF3b, expressing human eRF3a and eRF3b, respectively; and plasmid pBK-heRF3aNN, carrying a double mutation in the G 1 motif of the eRF3a GTPase domain, have been previously described (6) . Plasmids ptRNAam, ptRNAop, and ptRNAoc, expressing amber, opal, and ochre suppressor tRNAs, respectively, have been described previously (27) . Plasmid pHC is a derivative of pBK-heRF3a in which the 5Ј sequence encoding the N and M domains of eRF3a was deleted. In this construct, the translation start of the eRF3a C-terminal domain is the AUG codon at position 799 of eRF3a mRNA (GenBank accession no. NM_002094). This plasmid was constructed by amplification of eRF3a cDNA, using a pair of oligonucleotides containing NheI and PstI restriction sites for cloning in the NheI and PstI sites of the pBK-CMV expression vector (Stratagene).
Antibodies. Antibodies directed against human eRF3a, eRF3b, and eRF1 were previously described (6) . Antibodies to human cyclin E and cyclin D were purchased from Upstate (Chemicon Europe). Antibodies against human cyclin A and S6K1 were purchased from Santa Cruz, CA. Antibodies directed against eIF4E, phospho-eIF4E, 4E-BP1, phospho-4E-BP1, phospho-S6, phospho-S6K1, phospho-Akt, and phospho-Erk1/2 were purchased from Cell Signaling Technology. The anti-␣-tubulin antibody (DM1A) was from Amersham Biosciences (England). The anti-eRF3a-C antibodies directed against the human eRF3a C-terminal domain were produced by Eurogentec (Belgium) via immunization of rabbits with the synthetic peptides DTNQEERDKGKTVEV and KSGEKSKT RPRFVKQ, derived from the eRF3a protein sequence.
Cell culture and electroporation. The HCT116 cell line was maintained in McCoy medium (Invitrogen) supplemented with 10% fetal calf serum, 100 g/ml streptomycin, and 100 units/ml penicillin at 37°C under a 5% CO 2 atmosphere. Electroporation was performed as described previously (6) with a gene pulser II electroporation system (Bio-Rad), using 4.8 ϫ 10 6 cells and 10 to 30 g of plasmid DNA.
Cell synchronization. For synchronization in mitosis, exponentially growing HCT116 cells were treated with 50 ng/ml of nocodazole (Sigma) for 14 h. Mitotic cells in prometaphase were collected by shakeoff in phosphate-buffered saline (PBS; 10 mM phosphate buffer, pH 7.4, 140 mM NaCl), washed twice in complete medium, and further cultivated for times ranging from 0 to 16 h. For synchronization in G 1 /S, HCT116 cells were treated with 2.5 mM of thymidine (Sigma) for 24 h, washed twice in complete medium, and further cultivated for times ranging from 0 to 14 h. In both cases, adherent cells were recovered by trypsinization and treated for either flow cytometry or Western blotting analyses.
Flow cytometry analysis. Cells were trypsinized, spun down, and resuspended in 100 l of complete medium. During the vortexing, 2 ml of 70% ethanol in PBS was added and cells were stored at Ϫ20°C. Fixed cells were pelleted by centrifugation, resuspended in PBS, and stained at 37°C for 30 min in 40 g/ml propidium iodide and 100 g/ml RNase A. Stained cells (10 4 ) were analyzed, and the percentages of cells in the G 1 , S, and G 2 /M phases of the cell cycle were determined using a Coulter Elite-ESP flow cytometer system (Beckman-Coulter, France). Figures were processed using the WinMDI 2.8 program.
Western blot analysis. Cell pellets were resuspended in 100 l of PBS containing a 2ϫ complete EDTA-free cocktail of protease inhibitors (Roche), 1 g/ml pepstatine, and 10 mM EDTA. Cells were lysed by sonication on ice and centrifuged for 20 min at 16,000 ϫ g, and the supernatant was retained as the cell extract. Protein concentrations of extracts were determined using a Micro BCA protein assay reagent kit (Pierce), bovine serum albumin being used as standard. For each sample, 20 g of total protein was loaded on 8% polyacrylamide gel and subjected to electrophoresis. Proteins were subsequently electrotransferred onto a Hybond-C extra membrane (Amersham Biosciences), and the membrane was blocked for 1 h in Tris-buffered saline (TBS)-Tween solution (20 mM Tris-HCl, pH 7.6, 140 mM NaCl, 0.2% Tween 20) containing 5% milk. The membrane was incubated overnight with primary antibodies at the appropriate dilution in TBSTween, washed five times for 10 min in TBS-Tween, and probed for 45 min with either anti-rabbit or anti-mouse immunoglobulin G peroxidase-linked secondary antibodies at the appropriate dilution in TBS-Tween. The membrane was washed again five times in TBS-Tween and visualized by chemiluminescence and exposure to X-ray film.
Measurement of protein synthesis. Three days after electroporation, HCT116 cells in 60-mm cell plates were metabolically labeled for 0 to 6 h at 37°C with 0.1 mCi of PRO-MIX L-[
35 S] in vitro cell labeling mix (Amersham Biosciences) in 3 ml of culture medium. Cells were washed once with PBS, trypsinized, and harvested by centrifugation. Cell pellets were lysed in 50 l of PBS containing a 2ϫ complete EDTA-free cocktail of protease inhibitors (Roche), 1 g/ml pepstatine, and 10 mM EDTA. Cells were lysed by sonication on ice and centrifuged for 20 min at 16,000 ϫ g, and the supernatant was retained as the cell extract. Protein concentrations of extracts were determined using a Micro BCA protein assay reagent kit (Pierce). For detection of radiolabeled proteins, 30 g of total protein was spotted onto Whatman 3MM filter paper, dried, and placed in ice-cold 10% trichloroacetic acid (TCA) for 10 min. Filters were transferred to 5% TCA, boiled for 10 min, washed once with 5% ice-cold TCA for 10 min and once with 95% ethanol, and dried. Radioactivity was determined by scintillation counting.
Polysome analysis. Isolation of polysomes was performed according to reference 14. Four 150-mm cell plates were used for the gradients. Three days after electroporation, HCT116 cells were incubated for 2 h with 10 ml of fresh medium and cycloheximide was added at 100 g/ml for 10 min. Cells were then washed with PBS, collected by trypsinization, and pelleted. The dry cell pellet was resuspended in 500 l of lysis buffer (50 mM Tris-HCl, pH 7.4, 300 mM KCl, 10 mM Mg-acetate, 1 mM dithiothreitol) containing 130 units of RNase inhibitor (Amersham Pharmacia Biotech) and 100 g/ml of cycloheximide and lysed by adding ϳ200 l of glass beds and vortexing on ice for 30 s. Nuclei and cell debris were removed by centrifugation at 1,000 ϫ g for 10 min, and an aliquot fraction of supernatant corresponding to 30 units of optical density at 260 nm (OD 260 ) was layered onto a 12-ml 15 to 50% (wt/vol) sucrose gradient in 50 mM Trisacetate (pH 7.5), 50 mM NH 4 Cl, 12 mM MgCl 2 , and 1 mM dithiothreitol. The gradient was centrifuged at 39,000 rpm in a SW41 Beckman rotor for 2.75 h at 4°C. The gradient was pumped through a single path UV-1 monitor system (Pharmacia), and the OD 254 was recorded.
RESULTS
eRF3a protein level remains constant during cell cycle progression. Given the observation that the steady-state level of eRF3a mRNA fluctuated during the cell cycle (20, 21) , we used HCT116 cells to determine whether the eRF3a protein level was also subjected to variations during the different phases of the cell cycle. The human colon carcinoma HCT116 cells are currently used for cell cycle analyses because they are well characterized with respect to their intact cell cycle checkpoints and normal p53 responses. HCT116 cells were synchronized either at the G 1 -to-S-phase transition by thymidine treatment for 24 h and released in the absence of the drug or in the prometaphase stage of mitosis by nocodazole treatment for 14 h. In the latter case, mitotic cells were collected by shakeoff and replated in the absence of the drug. In both cases, synchronized cells were then harvested at various times after release and treated for flow cytometric analysis and Western blot analysis. As illustrated by the flow cytometry profiles (Fig. 1A) , a majority of cells were at the G 1 -to-S-phase transition at time zero after thymidine treatment (Fig. 1A, T0 ), in S phase 4 h after release (Fig. 1A, T4 ), in G 2 /M phase 8 h after release (Fig. 1A, T8 ), and in G 1 phase 14 h after release (Fig. 1A, T14 ). Nocodazole-treated cells were accumulated in mitosis at time zero (Fig. 1A, N0) and then moved to G 1 phase 4 h after release (Fig. 1A, N4 ). As shown in Fig. 1B , there was no significant variation in the amount of either release factor, eRF3a or eRF1, whatever the phase in which cells were accumulated. This showed that eRF3a and eRF1 protein levels did not fluctuate during the cell cycle. Considering that eRF3a mRNA level increases after stimulation of cell entry in G 1 and gradually decreases after G 1 -to-S-phase transition (20, 21) , our result indicated that eRF3 protein level did not follow mRNA fluctuation, suggesting that eRF3, as well as eRF1, is stable throughout the cell cycle, possibly due to its association with eRF1 in a stable translation termination complex. Notice that, as previously shown in various human cell lines (6), eRF3b protein was detected neither in asynchronous nor in synchronized HCT116 cells (data not shown).
eRF3a silencing induces a G 1 arrest in HCT116 cells. The human eRF3a/GSPT1 gene was first isolated by its ability to complement a temperature-sensitive gst1 mutation of S. cerevisiae (21) . Gst1 is a cdc-like mutant arrested at the G 1 -to-Sphase transition at the nonpermissive temperature. Then, it appeared that the yeast GST1 gene was identical to the SUP35 gene, whose product played an essential role in translation termination (47) . Since then, the human GSPT1 gene was widely considered a marker of the cell cycle (18, 43) . However, the relationship between the function of the eRF3a/GSPT1 gene product in translation termination and its putative role in cell cycle control remained to be determined. To investigate the role of human eRF3a in cell cycle regulation, we analyzed the effect of an siRNA targeting eRF3a mRNA on cell cycle progression. Parallel cultures of HCT116 cells were electroporated with either the empty vector pSuper as a control or the plasmid expressing si-3a1, and the cell cycle was analyzed 3 days after electroporation by flow cytometry. As shown in Fig.  2A and B, a clear increase (ϳ20%) in the number of cells in G 1 phase and a concomitant decrease in the number of cells in S and G 2 /M phases were reproducibly observed for cells expressing si-3a1, compared to what was observed for pSuper-electroporated control cells. This suggested that eRF3a depletion altered cell cycle progression, likely at the G 1 phase. Western blot analysis confirmed the depletion of eRF3a in cells expressing 3a1 siRNA targeting eRF3a mRNA (Fig. 2C) . Notice that eRF3a depletion also induced a reduction in the intracellular level of eRF1 protein, as previously shown in 293 cells (6) . Using phase-contrast microscopy, we also observed profound modifications of cell morphology when eRF3a was silenced (Fig. 2D) . 3a1-electroporated HCT116 cells changed from polygonal to spindle-shaped cells with extending pseudopodia. Some cells exhibited ruffles localized to the distal ends of the pseudopodia. These cell shape modifications likely reflected cell suffering.
The cell cycle defect caused by eRF3a depletion was further characterized using HCT116 cells synchronized in mitosis. For this purpose, HCT116 cells were electroporated either with the plasmid expressing si-3a1 or with the pSuper vector and synchronized 30 h later by nocodazole treatment for 14 h. Mitotic cells were collected by shakeoff, released in the absence of the drug, and treated for flow cytometry analysis at various times after release. At time zero, pSuper-as well as 3a1-electroporated cells were almost exclusively at the M phase, as shown by the single peak of cells with 4-N DNA content (Fig. 3) . Six hours after release, the majority of pSuper-and 3a1-electroporated cells were found in G 1 phase. However, whereas some pSuper-electroporated cells entered S phase 12 h after release and G 2 /M phase 16 h after release, most 3a1-electroporated cells remained in G 1 phase 12 and 16 h after release. These results clearly showed that the cell cycle of eRF3a-depleted cells was arrested or at least significantly slowed down during G 1 phase. G 1 phase is the longest phase of the cell cycle and can be divided into two functionally different periods, early and late G 1 , which are separated by the restriction point. The progression of cells in G 1 is largely controlled by the expression of different cyclins: cyclin D1 level is the highest in early G 1 , whereas cyclin E level is at its maximum in late G 1 . Both are degraded at the beginning of S phase, cyclin D1 just before cyclin E (reviewed in reference 30). Cyclin A is synthesized at the G 1 -to-S-phase transition and degraded in prometaphase of mitosis. To determine the period of G 1 phase in which 3a1-electroporated cells were arrested, the protein levels of these different cyclins were analyzed by Western blotting. Compared to what was found for pSuper-electroporated control cells, the decrease in eRF3a protein level in 3a1-electroporated cells was accompanied by a decrease in cyclin A level, confirming that eRF3a-depleted cells were arrested before S phase (Fig. 4) . We also observed a decrease in cyclin D1 level, whereas cyclin E level remained unchanged. Together with the cell cycle profiles of synchronized cells, these observations clearly demonstrated that eRF3a-depleted cells were blocked in late G 1 . These data suggested that eRF3a played a role in cell cycle regulation and particularly in G 1 phase progression. eRF1 depletion and other factors inducing readthrough do not affect cell cycle progression and cell morphology. We have previously shown that eRF3a depletion induces an increase in stop codon readthrough (6) . Depending on its efficiency, translational readthrough results in the abnormal C-terminal extension of variable amounts of proteins. The presence of such an extension could impair the functioning of some of these proteins, including proteins essential for cell cycle progression. In addition to eRF3a depletion, eRF1 silencing and suppressor tRNA overexpression also promote translational readthrough To determine whether the G 1 arrest induced by eRF3a depletion was the result of an increase in stop codon readthrough, we compared the effects of eRF3a silencing on cell cycle progression and cell morphology with those of eRF1 depletion and suppressor tRNA overexpression. For this purpose, empty pSuper vector, plasmids directing the synthesis of siRNAs specifically targeting either eRF3a (si-3a1) or eRF1 (si-1Y) mRNAs, and plasmids overexpressing amber, ochre, or opal suppressor tRNAs were electroporated in parallel cultures of HCT116 cells. Three days after electroporation, we analyzed cell cycle distribution by flow cytometry and cell morphology by contrast phase microscopy; pSuper-electroporated cells were used as a reference for the normal cell cycle profile and cell morphology. Depletion of eRF3a and eRF1 was confirmed by Western blotting. As shown in Fig. 5A , cell accumulation in G 1 phase was observed only for si-3a1-expressing cells. Cells expressing si-1Y or suppressor tRNAs did not show any significative modification of the cell cycle (Fig. 5A) . Moreover, in contrast to eRF3a depletion, suppressor tRNA overexpression or eRF1 depletion had no effect on cell morphology (Fig. 5B) . As previously reported for eRF1 silencing in 293 cells (5, 6) , the expression of si-1Y in HCT116 cells induced a moderate decrease in eRF1 level compared with that in eRF3a level induced by si-3a1 (Fig. 5C ). This moderate effect of si-1Y on eRF1 level was explained by the high stability of eRF1 protein (6) . Given that readthrough levels obtained by suppressor tRNA overexpression were ϳ50-fold higher than the readthrough level obtained with eRF3a depletion (data not shown), the absence of effect of suppressor tRNAs on cell cycle profile and cell morphology strongly suggested that the modifications observed in eRF3a-depleted cells were not the consequence of the deleterious effect of stop codon readthrough on proteins essential for cell cycle progression. The eRF3a C-terminal domain and its ability to bind GTP are required to restore cell cycle progression in eRF3a-depleted cells. It has been shown that the eRF3 C-terminal domain carrying the GTPase activity is sufficient for translation termination (37, 47) . By its N-terminal domain carrying the PABP-binding site, eRF3 is involved in mRNA decay and ribosome recycling (9, 19, 22, 45) . In mammals, eRF3b, which differs from eRF3a in its N-terminal domain, can fulfill all the functions of eRF3a in translation termination (6, 23) . To determine which of the eRF3 functions are required to complement the G 1 arrest induced by eRF3a depletion, we performed coelectroporation of HCT116 cells with both the plasmid expressing si-3a1 and a set of pBK-CMV derivatives expressing either eRF3a (plasmid pBK-heRF3a), eRF3b (plasmid pBKheRF3b), an N-terminally truncated form of eRF3a (plasmid pHC), or a mutated form of eRF3a carrying a double mutation in the G 1 motif of the GTP-binding domain (plasmid pBKheRF3aNN). Thirty hours after electroporation, cells were synchronized in mitosis by nocodazole treatment and released as described above. Cells were fixed at different times after release and analyzed by flow cytometry (shown only for 16 h after release) (Fig. 6A ). Cells coelectroporated with plasmids pSuper and pBK-CMV served as a reference for the normal cell cycle (Fig. 6A , Sup-pBK). Cells coelectroporated with plasmids expressing si-3a1 and pBK-CMV were used as a reference for the G 1 arrest observed in eRF3a-depleted cells (Fig.  6A, 3a1-pBK) . For each electroporation experiment, we verified the amounts of endogenous eRF3a and overexpressed release factors by Western blot analysis (Fig. 6B, C, and D) . Compared to eRF3a-depleted cells which were coelectroporated with the plasmid expressing si-3a1 and the empty expression vector pBK-CMV (Fig. 6A, 3a1-pBK) , cells overexpressing exogenous eRF3a (Fig. 6A, 3a1-3a ) exhibited a reduced number of cells in G 1 (from 56% to 47%) and concomitantly a 10% increase in the number of cells in G 2 /M. This complementation effect on G 1 arrest was even more pronounced when eRF3b was overexpressed in eRF3a-depleted cells (Fig. 6A , 3a1-3b). These results indicated that eRF3a as well as eRF3b overexpression alleviated the G 1 arrest induced by eRF3a depletion. Thus, eRF3b, which can replace eRF3a in its function in translation termination in human cells (6), can also fulfill the function of eRF3a in cell cycle progression.
Overexpression of an N-terminally truncated form of eRF3a, having only the C-terminal domain carrying the GTPase activity, also restored G 1 and G 2 /M cell counts identical to those obtained with eRF3a overexpression (Fig. 6A,  3a1-HC) . This indicated that the function of eRF3a in cell cycle progression did not require the N-terminal region of the protein which harbors the PABP-binding domain and hence that the association of eRF3a with PABP did not participate in the effect of eRF3a on cell cycle progression. This finding corroborated the results of genetic studies with the yeast S. cerevisiae, where the mammalian eRF3a C-terminal domain was sufficient to compensate for the growth arrest of the gst1 mutant (21, 45) . Furthermore, eRF3a-depleted cells overexpressing an eRF3a form carrying point mutations in the GTPbinding site (Fig. 6A, 3a1-3aNN ) exhibited a cell cycle profile very similar to that of eRF3a-depleted cells overexpressing the empty vector pBK-CMV (Fig. 6A, 3a1-pBK) . This result indicated that the mutated form of eRF3a did not alleviate the G 1 arrest induced by eRF3a depletion and suggested that the effect of eRF3a on cell cycle progression required the presence of its GTP-bound form. It has been recently shown in in vitro experiments that eRF1 has a strong stimulatory effect on the binding of eRF3 to GTP, indicating that, in cells, eRF3 will predominantly be bound to GTP in an eRF1-eRF3-GTP ternary complex (16, 37) . Thus, the involvement of eRF3a in the control of the cell cycle could rely on the formation of the eRF1-eRF3-GTP ternary complex. Alternatively, it cannot be excluded that, in addition to eRF1, another, not-yet-identified factor could be able to promote eRF3 binding to GTP. Fig. 7A , eRF3a depletion induced a twofold decrease in the rate of amino acid incorporation into proteins whereas eRF1 depletion had no effect. As shown by Western blot analysis of the 6-h-radiolabeled cells (Fig. 7B) , the reduction of eRF1 in si-3a1-expressing cells was almost identical to the decrease of eRF1 induced by si-1Y, suggesting that the effect of si-3a1 expression on translation rate was not due only to eRF1 depletion.
We then compared the polysomal distributions of si-3a1-and pSuper-electroporated cells. Three days after electroporation, cell extracts corresponding to 30 OD 260 units were fractionated by sucrose gradient centrifugation as described in Materials and Methods. Compared to that for pSuper control cells, the absorbance profile of the gradient for eRF3a-depleted cells revealed a reduction of the number of polysome peaks (from 10 to 8), a global reduction of the intensities of the polysome peaks (Fig. 8, fractions 1 to 10) , and an increase in the level of free 80S ribosomes (Fig. 8, fractions 10 to 13 ). The disaggregation of polysomes into free ribosomes is characteristic of a defect in the initiation stage of translation (1, 32) . Thus, surprisingly, the modification of the polysome profile in eRF3a-depleted cells indicated that eRF3a depletion caused inhibition of translation initiation. These results prompted us to investigate whether this effect on translation initiation was an indirect consequence of the decrease in translation termination efficiency or a direct effect of eRF3a depletion on the control of translation initiation. eRF3a depletion inhibits the mTOR pathway. Phosphorylation events controlled via the mTOR signaling pathway clearly play a central role in regulating translation rates and translation initiation in a number of cell systems (17) . In addition, the inhibition of mTOR activity is responsible for the arrest of cell cycle progression in G 1 phase (1). The ribosomal protein S6K1 and the eukaryotic initiation factor 4E-BP1 are both wellcharacterized targets of mTOR. mTOR phosphorylation of S6K1 increases its kinase activity and results in an elevated phosphorylation of ribosomal protein S6 (rpS6). Phosphorylation of 4E-BP1 by mTOR results in the dissociation of 4E-BP1 from eIF4E, leading to the activation of cap-dependent translation initiation (reviewed in reference 17). Thus, to check the status of the mTOR pathway when eRF3a is depleted, we have examined the phosphorylation statuses of 4E-BP1, S6K1, and The results of Western blot experiments performed on two different electroporation experiments clearly showed a hypophosphorylation of S6K1 (Thr389) and rpS6 (Ser240 and Ser244) in eRF3a-depleted cells compared to what was found for the pSuper-expressing control cells, whereas there was no change in the global levels of these proteins and of eIF4E (Fig.  9) . Although the dephosphorylation of 4E-BP1 on Thr70 was not complete, as shown with the anti-phospho-4E-BP1 antibodies ( Fig. 9 , P-4E-BP1), the hypophosphorylation of 4E-BP1 was clearly visible with the anti-4E-BP1 antibodies, which showed a decrease in the upper, phosphorylated form of 4E-BP1 with a concomitant increase in the lower, nonphosphorylated form of 4E-BP1 (Fig. 9, 4E-BP1 ).
We also investigated the phosphorylation statuses of two other kinases that are involved in phosphorylation cascades which modulate translation initiation, i.e., the protein kinase Akt, one of the upstream effectors of mTOR, and the mitogenactivated protein kinases Erk1 and Erk2, implicated in a growth regulatory pathway parallel to the mTOR pathway. As shown in Fig. 9 , eRF3a depletion did not modify the phosphorylation of Akt on Ser473 and of Erk1/2 on Ser202 and Tyr204. Altogether, these results suggest that eRF3a depletion inhibited translation initiation and cell cycle progression via mTOR signaling pathway inhibition, downstream of Akt activation and independently of the Erk1/2 signaling pathway.
DISCUSSION
Several findings have related eRF3 with cytoskeleton organization, cell cycle regulation (2, 46) , and tumorigenesis (4, 29) . However, it was not determined whether the phenotypes promoted by eRF3 depletion or mutation were the result of a translation termination defect or reflected a direct involvement of eRF3 in the cell cycle. The aim of this study was to gain insights into the function of eRF3a in cell cycle progression. We show here, using siRNAs targeting eRF3a mRNA, that eRF3a depletion in asynchronous or in synchronized HCT116 cells induces an arrest of the cell cycle in late G 1 phase (Fig. 2,  3 , and 4). These data are in good agreement with that obtained for S. cerevisiae, in which thermosensitive mutants of eRF3 (gst1 mutants) are arrested after the START point, at the G 1 -to-S-phase transition (21, 25) .
We subsequently show that the G 1 arrest induced by eRF3a depletion is accompanied by a decrease in the rate of translation (Fig. 7) and by a disaggregation of polysomes (Fig. 8) , the latter effect being indicative of a defect in the initiation step of translation. In mammalian cells, inhibition of mTOR activity by rapamycin also leads to a block in translation which causes cell arrest in G 1 . The mTOR protein kinase acts through two physically and functionally distinct complexes, mTORC1 and mTORC2. mTORC1, which is sensitive to rapamycin, controls translation and cell growth in response to nutrients via phosphorylation of S6K and 4E-BP. In contrast, mTORC2, which is rapamycin insensitive, has been shown to control actin cytoskeleton dynamics (8) . The serine/threonine protein kinase Akt, which is a positive regulator of mTOR activity, is activated by direct phosphorylation on two sites, Thr308 and Ser473. The 3-phosphoinositide-dependent protein kinase PDK1 phosphorylates Akt on Thr308 (42) , and in a positive feedback loop, the complex mTORC2 is required for Akt Ser473 phosphorylation (41) . In eRF3a-depleted cells, the hypophosphorylation of key phosphorylation sites in 4E-BP1 and S6K1, which are both direct targets of mTORC1, and the absence of modification of Akt phosphorylation on Ser473 (Fig. 9) suggested that eRF3a depletion inhibited translation initiation and cell cycle progression via mTORC1 inhibition but did not interfere with Akt activation involving mTORC2. Both Erk1 and Erk2 mitogen-activated protein kinases function in a protein kinase cascade that plays a critical role in the regulation of cell growth and differentiation (10) and have been shown to regulate mTORC1 in response to growth stimulators (28, 39) . The absence of effect on Erk1/2 phosphorylation indicated that eRF3a depletion did not affect upstream effectors of the Erk1/2 signaling pathway.
Altogether, our results support the idea that eRF3a, and possibly eRF3b, which complements the effect of eRF3a depletion on the cell cycle (Fig. 6) , is involved in the control of mTOR activity. One of the possibilities is that eRF3a is directly acting in the control of mTOR activity. As a consequence, by regulating translation initiation through mTOR activity, eRF3a would exert a retrocontrol on the whole translation process, adjusting the rate of translation initiation to the efficiency of translation termination. Alternatively, eRF3a depletion could indirectly affect mTOR activity through a general stress response to slowed protein synthesis. However, the role of eRF3a in the mTOR pathway seems to be dependent on GTP binding, which is strongly stimulated by the association with eRF1. A role for eRF1 in cell cycle regulation has been suggested for S. cerevisiae (46) and for Arabidopsis thaliana (35) . However, none of the effects induced by eRF3a depletion in HCT116 cells were observed for eRF1 depletion. A possible explanation is that, due to the high stability of eRF1 in human cells (6) , the level of eRF1 depletion which was obtained by si-1Y RNA expression was not sufficient to induce a decrease in the rate of translation and cell cycle arrest. Nevertheless, because eRF3a depletion induced eRF1 depletion by decreasing eRF1 stability (6), the effect on cell cycle and on translation could be due to the concomitant reduction of both factors. It is also possible that another factor, not yet identified, promotes GTP binding to eRF3a. The precise role and the partners of eRF3a in mTOR signaling pathway remain to be determined.
The involvement of eRF3 in the TOR signaling pathway could explain the pleiotropic effect described for yeast and Drosophila eRF3 mutants (2, 3, 46) and particularly the arrest of S. cerevisiae gst1 mutants at G 1 -to-S-phase transition (21, 25) . Furthermore, the signaling pathways that regulate mTOR activity are frequently activated in human cancers and it has been postulated that the activation of mTOR contributes to the genesis of cancer (reviewed in reference 17). Thus, the overexpression of the eRF3a/GSPT1 gene that is observed in some histological types of gastric tumors (29) could be responsible for the activation of mTOR and hence for malignant transformation. FIG. 9 . eRF3a depletion induces the hypophosphorylation of mTOR targets. Cytoplasmic extracts of HCT116 cells from two independent electroporation experiments with either pSuper vector (Sup) or plasmid expressing si-3a1 (3a1) were analyzed by Western blotting using antibodies directed against eRF3a, S6K1, phospho-S6K1 Thr389 (P-S6K1), ribosomal protein S6 and phospho-S6 Ser240/244 (P-S6), 4E-BP1 and phospho-4E-BP1 Thr70 (P-4E-BP1), phospho-Akt Ser473 (P-Akt), phospho-Erk1/2 Ser202 and Tyr204 (P-Erk1/2), eIF4E, and ␣-tubulin (␣-tub), which served as a loading control. 
